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INTRODUCTION 
Corrosion of steels and other materials by liquid metals 
has been studied for many years, but little experimental work 
has been directed towards the study of processes which take 
place at the solid-liquid interface. 
Corrosion by liquid metals is largely a solution phenome­
na so most experiments have been designed to obtain solubility 
and mass transfer data from both static and flow tests. In 
flow systems, non-uniform temperatures are maintained to 
create solubility differences, induce mass transfer, and simu­
late operating conditions encountered in process equipment. 
Results from these tests are usually based on chemical analy­
sis of the liquid for dissolved solid, and examination of the 
solid for modes of liquid attack. Since the first few 
adsorbed molecular layers play the dominant role, interfacial 
processes are completely obscured by information obtained from 
bulk analysis. 
Factors that influence interfacial composition also 
affect solubility rate of the solid, but inadequate control 
of contamination and relatively Insensitive analytical methods 
of the past have led to confusing and often misleading results. 
Some facts are known, however, and they can serve as a guide 
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to more exacting research. Oxygen, for example, will react 
with most clean metal surfaces to form a chemlsorbed layer of 
some type of oxide which Is usually difficult to remove. 
This layer lowers the surface energy and can act as a protec­
tive barrier for the underlying material. When the bulk solid 
Is heated, Impurities present can diffuse to the surface where 
they may react with any adsorbed material already present. 
Carbon, for example, will react with adsorbed oxygen to form 
both gaseous oxides. These oxides do not stick and small 
areas of clean metal are thus exposed and susceptible to 
further attack. 
Substances added to the liquid also can have pronounced 
affect on the corrosion rate. Small amounts of zirconium when 
added to lead-bismuth eutectlc greatly Increase the service 
life of some Cr-Mo steels when used as container materials. 
The reasons for this are not clear and have not been detected 
using test procedures similar to those mentioned before. 
Since such small quantities of zirconium have a marked affect 
on service life. It Is reasonable to assume that zirconium Is 
surface active or reacts In the bulk to form surface active 
compounds which adsorb on the solid and lower the Interfaclal 
energy. 
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Until ultrahigh vacuum (UHV) equipment and methods to 
prepare clean surfaces became available on a fairly routine 
basis, interfacial phenomena could not be studied in any de­
tail. A monolayer will adsorb on a surface in about 10 ^  
torr-seconds so pressures on the order of 10~^  torr are usu­
ally necessary to maintain clean surfaces for sufficient times 
in which to conduct experiments. UHV equipment makes it much 
easier to study liquid metal-solid systems in that oxidation, 
water vapor adsorption, contamination from grease and oil, 
and available test time are no longer problems. High purity 
starting materials and clean surfaces are important, and mean­
ingful test results are difficult to obtain unless these 
requirements are met. 
There are several different ways to clean a solid sur­
face, and the choice depends upon the material to be cleaned 
and the equipment available. Some of the more common methods 
used to prepare clean surfaces are hi^  temperature heating 
under vacuum, evaporation, ion bombardment, and chemical reac­
tion. Once clean, the surface can be recontaminated with 
known substances and their individual affects on liquid wet­
ting studied. 
The sessile drop method was used in this study to evalu­
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ate wetting because of Its simplicity and ease of use. Liquid 
surface tension and contact angles can be calculated from drop 
shape measurements, and changes in solid and liquid surface 
energies will be reflected by changes in the contact angle. 
This method is particularly suited for vacuum use because all 
measurements can be made from a drop photograph, the solid and 
drop can be heated to the desired test temperature quite 
easily, the solid surface can be cleaned by heating, and the 
liquid composition can be varied. There are s me drawbacks, 
however. Solid and solid-liquid surface energies cannot be 
determined individually; only the difference can be calculated. 
Unfortunately neither theory or experiment are sufficiently 
developed at this point in time to permit accurate determina­
tion of these quantities separately. 
The main advantage in utilizing an UHV environment in 
which to conduct tests is that the number of uncontrolled 
variables is reduced and it is easier to examine the inter­
actions between solid and liquid phases taking place at their 
common Interface. A secondary advantage is that liquid metal 
surface tensions and contact angles can be measured under 
clean conditions. The latter has not been done on any large 
scale, and data are not plentiful. 
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Another useful tool used in this study is the electron 
microprobe. A focused beam of electrons impinging on a sur­
face will cause X-rays to be emitted characteristic of the 
element present. Diameters as small as one micron can be 
analyzed for content, and by scanning the beam across the 
interface formed by a drop of frozen liquid and solid, a map 
of material distribution can be produced. Liquid metal pene­
tration into the solid, selective solubility of materials from 
the solid, and possible modes of liquid attack can be assessed. 
The results are, of course, subject to the constraint that the 
liquid phase is no longer present. 
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LITERATURE SURVEY 
The literature survey was divided into three broad areas, 
each one representing a significant portion of the research 
project. The first category. Preparation of Clean Surfaces, 
is devoted to descriptions of various experimental methods 
that can be used to obtain clean surfaces and maintain them in 
that state. The second. Surface Thermodynamics, is a summary 
of basic thermodynamics of plane and curved interfaces, how 
this relates to the shape of a sessile drop, and a simplified 
derivation of the Young equation based on surface energy mini­
mization. The third category. Related Work, is a condensation 
of some recent results in the area of liquid metal-solid metal 
surface chemistry. 
Preparation of Clean Surfaces 
Roberts (21) in a summary of methods currently used to 
prepare and characterize clean surfaces defines a clean sur­
face as "One free from all but a few percent of a single mono­
layer of foreign atoms, either adsorbed or substitutionally 
replacing surface atoms of the parent lattice." With a 
definition such as this to serve as guide one can always be 
assured of having something to achieve. 
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Techniques used to prepare clean surfaces depend upon the 
material; its surface and bulk compositions, and whether mate­
rial is chemically or physically adsorbed on the surface. 
Oxide films and water are generally chemisorbed and difficult 
to remove while physically adsorbed layers can usually be 
removed by moderate heating under vacuum. 
Several methods are commonly used either separately or in 
combination to clean a given surface. They are: high temper­
ature heating, evaporation, chemical reaction, and ion bom­
bardment . 
Heating a material to high temperature under high vacuum 
has been used to clean nickel, chromium, silicon (9), tantalum, 
graphite, and tungsten (8,25,26). Pure starting materials 
should be used to minimize diffusion of impurities from the 
bulk to the surface during the heating process (6,20). Bulk 
concentrations of 0.01 percent carbon in tungsten have been 
known to cause significant surface contamination by diffusion 
during heating. The carbon was detected by admitting oxygen 
into the system, allowing it to react to form CO and CO2 on 
the hot metal surface, and analysing the gas phase of the 
vacuum system for the oxides (30). In some cases carbide sur­
face layers have also been detected. Prolonged heating of 
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silicon at 1000°C caused a silicon carbide surface layer to 
form (23). 
It is not possible to clean all materials by heating as 
some will either decompose or melt before the surface oxide 
layer can be driven off. Iron is one such substance and the 
oxide must be removed by chemical or other more energetic 
means. 
Evaporation is another relatively simple and straight­
forward method that can be used to prepare large, clean sur­
faces on many materials. The process involves heating a 
material until its vapor pressure becomes appreciable and then 
condensing the vapor onto some suitable substrate. Films pro­
duced in this manner may have different properties than unsup­
ported material of the same type since they are sometimes 
discontinuous, may be rou^ , and may take on the structure of 
the substrate (22). 
Cleaning via chemical reaction can be done in at least 
two ways. The most common is to react the surface film in 
such a way that volatile products are formed and removed by 
the vacuum pumps. Iron can be cleaned in this manner by heat­
ing in an atmosphere of hydrogen (12) to reduce the surface 
oxide, and carbon can be removed from a surface by heating in 
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oxygen (24). Reduction of a volatile metal hallde by hydrogen 
on a hot metal surface has been successfully used to produce a 
clean surface, also. Boron filaments have been produced in 
this manner by reducing BBrg with a mixture of diborane and 
hydrogen on the surface of a hot tungsten wire. 
Ion bombardment (21) is the most energetic cleaning 
method of the four considered, but it is limited to fairly 
small areas. The procedure consists of first degassing the 
specimen to be cleaned under UHV for several hours. Argon is 
then admitted to the system up to a pressure of 10~^  torr, and 
ionized by application of a 200 to 600 volt potential. The 
resulting ions are accelerated in an electric field and direc­
ted toward the specimen surface. The argon ions are at an 
energy level of approximately 500 eV; consequently, when they 
strike the surface, atoms are literally knocked from the lat­
tice. (As a point of reference, atoms at room temperature 
have a translational energy level of about 0.03 eV). At the 
same time atoms are being removed, defects are being created 
in the solid lattice and gas may be forced into the bulk 
solid. By alternating between ion bombardment and annealing, 
defects and adsorbed gas are removed leaving the surface clean 
and smooth. 
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Surface Thermodynamics 
Thermodynamics of interfaces serves as the basis for 
determining equilibrium surface tension and contact angles 
from sessile drop shapes (Figure 1). 
There are three important equations that can be derived 
from thermodynamic considerations and used to calculate sur­
face tension, contact angles, and surface tension variation 
from experimental data. The first of these, the LaPlace equa­
tion, describes the relationship between curvature, surface 
tension, and pressure drop across an interface. The second, 
the Young equation, is a force balance relating equilibrium 
forces acting at the three-phase junction line (solid-liquid-
vapor) . Finally, the Gibbs adsorption equation, is a differ­
ential equation relating surface tension, temperature, and 
chemical potential. 
Three conditions must be fulfilled for equilibrium to 
exist at the three-phase junction line (16): 
a. Equality of temperature and chemical potential 
throughout the system; 
b. Satisfaction of the LaPlace equation at all points 
of the liquid-vapor interface; 
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z 
(x,z) 
x,z,«^  = COORDINATES 
R|,R2 = PRINCIPLE RADII OF CURVATURE 
« = CONTACT ANGLE 
h = DROP HEIGHT 
1. Sessile drop coordinate system and Important 
parameters 
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c. Satisfaction of the Young equation at all points 
of the three-phase junction line. 
In addition to these, the solid surface is assumed to be 
regular and completely rigid. The assumption of rigidity is 
essential since the solid surface energy is, in part, deter­
mined by its condition of mechanical strain. This should be 
constant throughout the solid phase so no orientation depend­
ence will be present. 
LaPlace equation 
The total differential in internal energy for a reversi­
ble change is given by 
dE = TdS - PdV + 2 (1) 
which can be integrated at constant T, P, and to give 
E - TS - PV + 2 H'^ i (2) 
Then defining a new state function for convenience as 
0 = E - TS - 2 ^iRi " - PV (3) 
one can differentiate Equation 3 and substitute Equation 1 for 
dE to obtain 
dn « -SdT - PdV - 2 nidM-i (4) 
for the total system. 
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For a two-phase multi-component system (4,7) in equi­
librium, the total differential free energy, including inter­
faces and curvature, can be written in place of Equation 4 as 
dn = -SdT - gn^ d^ j; - P^ dV®'- P*dV* + YdA +CidRi+ C2dR2 (5) 
Rl, R2 = principle radii of curvature 
Ci, 0.2 = constants 
A = area 
a, 3 = reference to phases « and 3. 
Surface tension is defined from Equation 5 as 
V s |2\ (6) 
oA / / T,*,a,v 
Since dCi is an exact differential. Equation 5 can be 
integrated maintaining all intensive properties constant, 
including curvature, to yield 
« VA - (7) 
and after rearrangement of Equation 7 
YA = 0 + iP'yf + P*V* (8) 
Examination of Equation 8 reveals that it gives the total 
surface free energy since this is the difference between the 
total PV and that for each phase. 
Placement of the dividing surface (Figure 2) between bulk 
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LIQUID 
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Figure 2. Dividing surface location in interfacial region 
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phases « and p fixes the values of and P^ V^ . As can be 
seen the exact location of the dividing surface is arbitrary, 
and its placement is a matter of convention. For a fixed 
total n, the difference between the total and that for both 
bulk phases, Equation 8, must be that associated with the 
interface. 
Defining 
= YA (9) 
and differentiating to give 
» YdA + AdY . (10) 
Then from Equation 5 at constant temperature and chemical 
potential 
doA . YdA + CidRi + C2dR2 . (11) 
Subtracting Equation 10 from Equation 11 gives 
AdY = CidRi + C2dR2 . (12) 
At this point the restriction of a spherical interface is 
imposed for simplification. For the spherical interface 
imagine a small isothermal displacement normal to the surface 
with the physical content of the system constant, then 
= 0, AA = 2AÔR/R, 6V®' = A6R = -OV* (13) 
Rl »= R2 " R • constant curvature 
16 
From Equation 7 
6(YA) » (P®'-PP)ÔV°^  (14) 
Substituting for 6V® and in Equation 14 gives 
A(fiY) + •— AÔR - (P'*-P^ )AÔR (15) 
R 
and upon rearranging Equation 15 the LaPlace equation for a 
spherical interface is obtained. 
pa_pP « ^   ^ (16) 
By proper location of the dividing surface in the interfacial 
zone, (ôY/ôR) can be made to vanish and the surface tension is 
at a minimum. This surface is commonly called the surface of 
tension. 
In general, the LaPlace equation for any curved surface 
is 
p«_pP = Yj + |I (2K-j2) (17) 
oj 
p^ -pP = pressure difference between the two contiguous 
phases 
J • mean curvature = l/R^  + I/R2 
K • Gaussian curvature = I/R2R2, 
and (dv/dj) can be made to vanish as before. Rigorous deriva­
tions of Equation 17 can be found in (16,17). The influence 
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of curvature on surface tension dies out a few molecular 
diameters from the surface of tension, and is only important 
when curvature and molecular dimensions are of the same order. 
Gibbs equation 
The Gibbs adsorption equation can be derived, for a plane 
interface, by writing Equation 4 for each phase and then sub­
tracting the two expressions from the total differential 
Equation 5 to give 
d(n-fi*-n^ ) = -(S-S*-S^ )dT + YdA - ^  (n-n -n^ )j[d|ij[ (18) 
The differences (S-S*-S^ ), etc., in Equation 
18 above are excess quantities due entirely to the presence of 
an interface. Each difference can be associated with the sur­
face region, and Equation 18 can be re-written as 
dcA - -S^ dT + YdA - ^ nidHi . (19) 
Differentiating Equation 9 and subtracting from Equation 
19 results in the Gibbs-Duhem equation for the interfacial 
region 
AdV - -S^ dT - gn^ dHj. . (20) 
On a unit area basis Equation 20 becomes 
dY - -S^ dT - (21) 
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= surface entropy 
P = surface concentration 
Equation 21 can be used to describe the behavior of the 
surface region only if relations for the surface entropy, 
chemical potential, and surface concentration are known. 
In a closed, equilibrium system Equation 21 reduces to 
dY - -S^ dT (22) 
for a pure liquid. In most liquid metal surface tension 
studies it is assumed that the surface entropy is a constant. 
Equation 22 can be integrated directly and the entropy deter­
mined from the slope of the experimentally determined surface 
tension-temperature curve. 
Young equation 
The Young equation can be derived by minimizing the total 
surface free energy for a spherical cap of fluid of constant 
volume resting on a flat surface. The expression for total 
free energy is 
F - ki^ i + AsYg + AgiYgji (23) 
If s, sX •= refer to liquid, solid and solid-liquid 
Interfaces 
A " area. 
Starting with unit solid area Equation 23 becomes, for a 
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spherical cap of radius R and height H 
F = \g[l-n(2Rh-h2)] + 2rrRhY^  + tt (2Rh-h^ ) Yg (24) 
= 2nRh 
Ag = l-n(2Rh-h2) 
Ag4 = n(2Rh-h2) 
The cap volume is 
2 
V = -J- (3R-h) . (25) 
Since the volume is constant, solving Equation 25 for R gives 
R = 3Wil£ (26) 
3nh2 
Substituting Equation 26 into Equation 24 for R and setting 
ôF/ôh)y = 0 for minimum free energy results in the Young 
equation 
\ = 0 (27) 
In a similar manner, the cosine of the contact angle is found 
to be 
cos e = (28) 
3V-nh/ 
0 = contact angle 
In its more familiar form, the Young equation is 
Y^ cos 8 = Yg - Ygj. (29) 
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It Is Interesting to note that this equation has never been 
experimentally verified because Independent determinations of 
Yg and Ygjj have never been made. 
The sessile drop. Figure 1, can be described using the 
LaPlace Equation 17 as follows: 
P® - p3 a static pressure + constant contribution 
from the surface tension (30) 
so 
AP = - gz(P*-P*) + C (31) 
g = gravitational constant 
p = density 
C - constant 
z = z~coordinate 
From Equations 17 and 31 
AP - Y^ J - g(p*-p9)z + C . (32) 
At the drop apex 
0 ,  -  = — -  — 
b Ri R2 
J - 2/b 
b " radius of curvature 
The constant C appearing In Equation 32 Is evaluated by sub­
stituting the parameters determined at the drop apex Into 
Equation 32 giving 
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C - —- (33) 
b 
The coordinates of a sessile drop are usually expressed 
as follows: 
dx • cos 0 ds (34a) 
dz - sin 0 ds (34b) 
d0 • 1/Ri ds (34c) 
where 
X; z = coordinates 
0 • angle between and the z-axis 
s " arc length 
From the geometry of the drop, Figure 1, l/Rg " sin 0/x. 
Substituting this into Equation 32, then solving for 1/Ri 
gives 
_L « R(p*-p*)z _ sin 0 + 2 (35) 
Rl Yjt X b 
which is the form used in Equation 34c. Knowing and b, a 
given drop shape can be calculated by numerical integration 
of Equation 34. Conversely, if the shape is known or can be 
measured, the parameters and b can be determined using non­
linear regression (14). The contact angle is found as the 
upper limit of the normal angle 0, and can be calculated 
numerically once Yjj and b have been established. 
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Related Work 
Current liquid metal surface tension measurement tech­
niques, contact angle phenomena, and surface tension data are 
well summarized in two articles by White (28,29). The results 
of these papers can be stated quite briefly: (1) mercury is 
the only liquid metal whose surface tension is accurately 
known; (2) closed equilibrium systems should be used in which 
to conduct surface tension experiments; (3) clean metal sur­
faces exhibit contact angles approaching zero when in contact 
with liquid metals. In the limit of a completely clean sur­
face, contact angles are probably zero. 
The remainder of this section is devoted to articles 
which illustrate the variation in experimental approach and 
ideas current in the area of liquid metal surface chemistry. 
Klein Wassink (10) in a wetting study of solid metal 
surfaces by liquid metals found that wetting depends on inter-
facial tension, mutual solubility, and intermetallic compound 
formation. Addition of a third component to a binary system 
promoted wetting only when it could form an Intermetallic 
compound with the solid. A linear relationship between liquid 
surface tension and its heat of vaporization was demonstrated 
in an empirical way, but attempts to calculate the relation­
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ship were not satisfactory. An attempt to estimate solid-
liquid interfacial energies based on regular solution theory 
was made also without producing any useful results. Atomic 
interactions in a regular solution and those of an adsorbed 
liquid on a solid are not the same; consequently, interfacial 
energies cannot be calculated using regular solution theory. 
Aldrich and Keller (2) in a study of adhesion between 
indium and aluminum in different atmospheres under UHV condi­
tions found that hydrogen and nitrogen had no effect on con­
tact angle or liquid surface tension; however, the gases 
reduced the bond strengths to nearly zero. Oxygen and UHV 
produced good bond strengths, and oxygen lowered liquid sur­
face tension and caused contact angle variation with time. 
Contact angles measured in UHV were fairly high (118 + 10 
degrees), and indium solubility in aluminum was nil. Consid­
ering these factors, high adhesive strengths in UHV are sur­
prising. Oxide-oxide interaction at the solid-liquid inter­
face was thought to produce good bonds when oxygen was present. 
Bond strengths always exceeded the strength of bulk indium, 
and they were always greater than work of adhesion calculations 
predicted. As a consequence the authors have expressed doubts 
about the validity of the classical theory of spreading and 
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adhesion in high energy systems. 
McDonald and Eberhart (15) studied adhesion of some 
transition metals to polycrystalline alumina, and have devel­
oped a model to calculate work of adhesion independent 
of that calculated using the Young-Dupre equation 
Wad - Yjj(l + cose). 
Since the work of adhesion is defined as the work required to 
separate an interface into two surfaces, the authors can then 
calculate by equating it to the total free energy change 
for adsorption of the liquid by the solid. The adsorption 
process was split into two parts: chemisorption and van der 
Waals or physical adsorption, the sum being equivalent to the 
work of adhesion. 
a^d " - ngAFg 
"A» ng - number of A and B sites per unit area 
AFa = free energy of adsorption onto an A site 
(chemisorption, metal-oxygen bond) 
AFg = free energy depending on van der Waals 
forces, B site. 
àF^  was found to be equal to one-half bhe free energy for 
oxide formation for the metal, and APg was calculated from the 
interaction energy between a metal atom-oxide ion pair at the 
solid surface. The metal-oxygen bonds are much stronger than 
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van der Waals attraction. This can be seen experimentally as 
metal-oxygen bonds form at a much slower rate, but produce 
higher terminal adhesive strengths. In other words, in­
creases with time. 
An interesting paper by Nickolas and Poole (19) about the 
kinetics of sessile drop spreading for five reacting metal 
systems has brought some new light into the area of spreading 
mechanisms. They found that sessile drop diameters increased 
linearly with time, and by logarithmic plots of spreading rate 
versus reciprocal temperature an Arrhenius relationship was 
determined. 
S - So exp(-Qgg/RT) 
S = spreading rate 
So = constant 
Qss ° activation energy for spreading 
Several mechanisms were proposed to account for the linear 
spreading, and surface diffusion of liquid atoms ahead of the 
main drop was thought to provide the necessary driving force. 
Diffusion of liquid into the solid lowers the surface energy 
just ahead of the main drop and sets up a gradient. The 
activation energies for diffusion and linear spreading are 
nearly equal; consequently, the diffusion theory has some 
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support. 
Nlckolas, Forgan, and Poole (18) studied adhesion of the 
liquids copper and nickel to alumina. Results of their study 
show that non-wetted surfaces can form strong adhesive bonds 
and that the bond strengths are independent of contact angle 
changes brought about by temperature variation. The main 
feature of this study is the proposal that a unique tensile 
strength exists for each system and it is a material property. 
The tensile strengths are 17000, 10800, and 12300 psi for 
spectroscopically pure nickel and copper, and hig^  conductiv­
ity copper, respectively. These strengths are all lower than 
bulk tensile strengths of pure metals. 
One other recent sessile drop study of wetting in metal­
lic systems was conducted by Champion, Keene, and Sillwood 
(5). Contact angles for the liquids aluminum, copper, gold, 
aluminum-copper, and aluminum-gold alloys were measured on 
both sapphire and recrystallized alumina. Above 1150°C drops 
of aluminum and aluminum alloys on sapphire were found to 
spread and contract in a cyclic manner. This periodic spread­
ing was the net result of a reaction between aluminum and 
sapphire, and drop evaporation. 
4A1 + AI2O3 » SAlgO 
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AI2O is volatile, is formed at the drop periphery, and as it 
evaporates the drop spreads. Concurrently, the drop is evap­
orating and trying to contract. Since equilibrium cannot be 
established, the net result is cyclic spreading. 
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EQUIRIENT AND PROCEDURE 
energy surfaces of liquid metals are easily contam­
inated so care must be taken to maintain clean surfaces while 
measuring surface tension. One of the easiest ways to do this 
is to conduct tests under UHV conditions, 10 ^  torr range or 
less. In this pressure range surfaces can be maintained in a 
clean condition for about thirty minutes - long enough to 
determine the surface tension from a liquid drop. It is not 
likely that any measurable contamination affects could be 
detected over a period of a day or two in UHV even though many 
monolayers will be formed during this period. 
Surface tension and contact angles were determined from 
photographs taken of liquid metal drops resting on a flat 
surface. These drops were formed under vacuum and deposited 
on a heated surface. 
The UHV system used in this study consists of a 350 liter 
per second ionization pump, two molecular sieve sorption 
pijmps, a titanium sublimation pump, and a liquid nitrogen cold 
trap located in the basewell assembly. The entire system is 
bakeable to 250°C, constructed from stainless steel and uses 
oxygen free copper gaskets throughout. Since no oil pumps are 
in the system, contaminant free operation is assured. Figure 
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3 is a photograph of the system with bakeout equipment re­
moved. 
The bakeout oven is a split aluminum cylinder, containing 
radiant heaters which, when installed, completely enclose the 
vacuum system. Baking the system at 250°C for about 24 hours 
will permit testing in the 10 torr range. Baking also 
cleans the system and should be done occasionally to prevent 
contaminant build-up. 
Accurate pressure measurements from 10"^  to 10"^  ^torr 
were made using a nude ionization gauge mounted in a 1% inch 
port located just below the baseplate flange. 
Figure 4 illustrates sessile drop furnace as it appears 
when inside the vacuum system, and Figure 5 is a sketch of the 
same equipment with each major component identified. The 
upper portion of the furnace assembly is used to melt the 
liquid metal under test. It consists of a stainless steel 
shell which holds a tantalum crucible and resistance heaters. 
Liquid metal drops can be formed by raising the tantalum rod 
that plugs the small hole in the crucible base. This allows 
molten liquid to flow onto the test specimen placed directly 
below. The specimen rests on a heated stainless steel plate 
which contains a thermocouple attached to a temperature con-
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Figure 3. Ultrahigh vacuum system with bakeout shroud 
removed 
Figure 4. Drop formation and heating equipment; approx. 1%: times actual size 
LIQUID METAL DROP 
SOUD PLAQUE 
OO O O O OO 
-TANTALUM ROD 
CRUCIBLE SUPPORT 
AND HEATER 
-TANTALUM CRUCIBLE 
TANTALUM RADIATION 
SHIELD 
SPECIMEN HEATER 
HEATER SUPPORT 
LEVELLING SCREW 
ADJUSTABLE STAND 
\ \ \ \ 
Figure 5. Sketch of drop heater with major components identified 
Approximately 3/4 times actual size 
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troller. The heated plate can be levelled by means of screws 
located in the heater stand, and the entire assembly is sur­
rounded by a tantalum radiation shield. 
Drops were photographed using a 4 x 5 Calumet view camera 
equipped with an f/4.5, 150 mm lens. Either polaroid P/N 55 
film or Kodak M plates were used to photograph the drop. The 
glass plates are superior to the P/N 55 film because of hi^ er 
contrast, better resolving power, and dimensional stability. 
High quality drop pictures could easily be made by backlighting 
the drop with a diffuse 3200°K light source, and exposing the 
glass plates at f/8 for 1/50 second. Developing for four min­
utes in Kodak D-19 produced a high contrast, high resolution 
photograph. The primary reason for greater accuracy from the 
glass plates is due almost entirely to the higher contrast, not 
dimensional stability. 
Drop dimensions are read from the photograph using a 
modified Gaertner M1225-37 coordinate comparator with 0.001 cm 
graduations in the horizontal direction, 0.0005 cm in the 
vertical direction, and one minute in the angular direction. 
Care must be taken to align the drop base under the comparator 
cross hairs as an angular mis-alignment of only twelve minutes 
will produce a ten percent error in the surface tension. 
34 
Other factors that produce bad surface tension values are 
lopsided drops, scale factor error (less than one percent), 
and vibration. Of these, the first is the most serious and if 
detectable by the eye the surface tension results are of no 
value. 
Preparation of the solid surface is an important step and 
contact angles can be made to vary considerably depending on 
how this is done. Most of the variation in contact angle is a 
result of things done to the surface after the specimen is in 
the vacuum system and not a strong function of polishing 
methods, etching, etc. The only external factor that appeared 
significant was the direction of rolling of the metal strip. 
Liquid drops would always spread more in that direction; pro­
ducing an elliptically shaped drop, as viewed from the top, 
with major axis oriented parallel to the rolling direction. 
The solid surface was made isotropic with respect to spreading 
by mechanical polishing and this corrected for the condition. 
Electro-polishing seemed to aggravate the uneven spreading 
condition because of increased chemical activity along the 
grain boundaries; consequently, mechanical polishing was used. 
Once polished, the specimen has adsorbed layers of 
oxygen, water, and a variety of other substances on its sur-
35 
face. It is too much to hope that all of these contaminants 
can be removed by solvents so more energetic methods must be 
used to clean the surface while specimen is under vacuum. 
As mentioned previously, no single method is suitable for 
cleaning all metal surfaces simply because the chemistry of 
each is different. In this study a clean surface will be one 
that has been heated at least to the maximum test temperature 
and evacuated to a pressure in the 10"^  torr range while hot. 
This is a compromise, but one that is unavoidable unless a 
great deal of expensive equipment is readily available. Clean­
ing by heating will remove everything from the solid surface 
but chemisorbed oxygen, and even this can be removed from some 
materials. All of the solid materials tested were affected by 
heating temperature and time, and contact angles could always 
be reduced by prolonged heating before placing a drop on the 
solid. Free energy calculations indicate that temperatures in 
the normal testing range (200-700°C) are not sufficient to 
decompose surface oxide films on most of the materials tested. 
However, since prolonged heating always produced a reduction 
in contact angle, a reduction in oxide film composition, 
thickness, or structure must have taken place. 
Once cleaned and degassed to the desired pressure and 
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temperature, a drop of liquid Is placed on the solid surface. 
Photographs are then taken over a period of several hours to 
determine any surface tension and contact angle changes that 
take place. The temperature was also varied and changes In 
tension and contact angle determined. 
At the conclusion of the test the solidified drop-solid 
couple was removed from the vacuum, cut In half, and examined 
In the microprobe for distribution of elements across the 
interface and modes of attack of the solid by the liquid. It 
must be kept in mind that results obtained from a solidified 
drop will not be the same as those that existed in the liquid 
phase. 
The relatively high pressure in the microprobe (10 ^  
torr) and its inherent insensitivity to oxygen, nitrogen, and 
carbon makes it difficult if not impossible to obtain meaning­
ful analysis for these elements. It is doubtful that any 
meaningful oxygen analysis could be made at all because the 
drop-solid system could easily pick up more oxygen while being 
transferred from the UHV system to the chemical laboratory 
than it did while undergoing tests in the vacuum system. 
Higjh purity materials were used, and Appendix III is a 
list of these materials and their nominal purities. 
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results and discussion 
This portion of the study has been divided into three 
subsections: (1) Surface tension-temperature behavior; (2) 
Contact angle phenomena; and (3) Electron microprobe studies. 
Surface tension data were collected for bismuth, lead, 
and lead-bismuth eutectic. A few tests were conducted using 
eutectic saturated with zirconium. Zirconium was found to 
promote wetting and produce a slight increase in the liquid 
surface tension. All surface tension-temperature relation­
ships were found to be non-linear, and surface tension de­
creased with increasing temperature. The non-linearity was 
a result of drop evaporation which caused an increase in the 
surface entropy. 
Contact angle data illustrate the sensitivity of this 
parameter to a variety of factors which are difficult to con­
trol. Trace amounts of zirconium in the liquid greatly reduces 
the contact angle on iron, and produces a slight decrease on 
graphite. Recrystallization and water desorption produce a 
large decrease in the contact angle (150 to 65 degrees) on 
iron. In general, heating of the solid under vacuum will 
lower the contact angle. 
Preferential spreading of liquid in the direction of 
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rolling was also noted for tantalum and iron. Electropolish-
ing enhanced the effect by chemically enlarging the striae 
produced during the rolling process. Recrystallization did 
not completely eliminate the anisotropic spreading, but 
mechanical polishing of both iron and tantalum seemed to 
negate the effects of rolling. 
Microprobe studies of the liquid-solid interface revealed 
that titanium and zirconium both adsorbed at the interface and 
that they penetrated the solid by diffusion. Lead was also 
found to have diffused into the solid in larger amounts than 
bismuth, but both bismuth and lead penetrated to the same 
depth. Zirconium and titanium were found to inhibit attack of 
pure iron by eutectic, and promote attack of chromium. 
Surface Tension-Temperature Behavior 
Surface tension variation with temperature was found to 
be non-linear for bismuth, lead, and lead-bismuth eutectic. 
Other studies (29) have shown similar behavior for zinc under 
conditions varying from near equilibrium to complete non-
equilibrium. The greater the degree of non-equilibrium, as 
measured by net evaporation of the liquid, the greater the 
non-linearity of the surface tension-temperature curve. Sur­
face tension measured in non-equilibrium systems reflects the 
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effects of additional entropy generation due to the evapora­
tion process. In addition to producing additional entropy, 
the evaporation of liquid reduces the average number of atoms 
in the surface which results in a net increase in surface 
tension relative to the equilibrium value. Fewer atoms in the 
surface zone means that each must carry a greater load; conse­
quently, the bonds are stressed more, and the surface tension 
increases, while the surface area remains constant. 
Since the difference between equilibrium and non-equi­
librium surface tension values is primarily a result of net 
evaporation loss from the liquid surface, enough information 
should be available to permit an estimate of the effect to be 
made. The irreversible portion of the entropy must be deter­
mined on a unit area basis and added to the entropy term in 
Equation 22. Integration of Equation 22 with the entropy as a 
function of temperature should give the desired result. 
The transfer of ôn molecules gives rise to an irrevers­
ible entropy production in the following fashion (13) 
dSirr = 6n[-d(^ /T) + Hd(l/T)] 
= ôn dS (36) 
Sirr = irreversible entropy 
6n = number of moles transferred 
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S = molal entropy for the process 
For the process of evaporation S is related to the latent heat 
as follows 
dS = Xv d(l/T) (37) 
Xy = latent heat of vaporization 
and Equation 36 becomes 
dSirr - fin d(l/T) . (38) 
Since evaporation takes place in the surface zone, the 
next step is to put the entropy, Equation 38, on a unit area 
basis so as to be compatible with Equation 22. 
Assuming Langmuir adsorption can be used to describe 
evaporation and condensation, the net evaporation rate can be 
determined in the following way (1) 
Evaporation rate = k^ s^  (39) 
Condensation rate = k2Py(s-si) (40) 
Where 
ki, k2 = rate constants 
Py = vapor pressure of the liquid 
s = total number of sites on the surface 
s^  = number of occupied sites. 
The evaporation rate is proportional to the number of 
occupied sites, and the condensation rate to the number of 
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vacant sites. The net rate is the difference between Equa­
tions 39 and 40. 
Rn = kisx - k2Pv(s-si) (41) 
Rjj = net evaporation rate 
The rate constants are given from kinetic theory as 
ki = 1/t (42) 
k2 " —— r (43) 
(2nMRT)% 
t « to exp(X^ /RT) 
t = average time a molecule stays in the surface 
to = period of vibration for the molecule 
N = Avagadro's number 
= area per site 
M = molecular weight 
T = temperature 
The evaporation rate (Z) is also given by kinetic theory 
' - 7a 
Substituting Equations 42 through 45 into Equation 41 gives 
the net rate as 
n 
Rjj « -7- - Na Z(s-si) (46) 
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The ratio (s^ /s) is the fraction of occupied sites which can 
be incorporated into Equation 46 by defining 
oe 5 si/s (47) 
Rji - ~ - ZNe°s(l-#) (48) 
In an equilibrium system, = 0, and the surface coverage is 
given by the following expression 
ZtNa° 
l+ztnao 
Substituting Equation 49 into Equation 48 gives, after some 
algebra 
(49) 
Rn - sZNcr® ( (50) 
\ ®ea / 
(51) 
q
The number of molecules transferred in t seconds per unit 
area, from Equation 50 is 
r^ t 
s - zt n 
eq 
6n^  ® fin/total area 
The product (a°s) in Equation 51 is the total area. Substi­
tuting Equation 51 into Equation 38 for 6n gives the irre­
versible entropy in terms of the process parameters and 
departure from equilibrium. 
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âsl„ - Zt \ d(l/T) (52) 
\ "eq ' 
The product (Zt) from Equations 44 and 45 is 
Z t  .  ^ ( 5 3 )  
(2rrMRT)^  
and the vapor pressure is given by an exponential expression 
obtained by integrating the Clausius-Clapeyron equation. 
(54) 
A = constant of integration 
Substitution of Equation 54 into Equation 53 for the 
vapor pressure permits further simplification of Equation 53. 
Z t  -  — \  ( 5 5 )  
(2trmrt)^  
toe^  
K =  ^ (56) 
(2nMR)^  
Using Equation 55, Equation 52 becomes 
which can be integrated holding or and <*eq constant, for a 
fixed departure from equilibrium, to give 
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«lr - - «nr (^ ) ^ + clc) (58) 
Ci(of) = an unknown function of surface coverage 
Substitution of Equation 58 into Equation 22 for the differ­
ential surface tension results in 
dv - -(S^+Ci(»))dr (flîsa-) ® (59) 
3 \ »eq / t3/2 
Integration of Equation 59, from the melting point (T^ jj), gives 
the surface tension-temperature relationship for a non-equi­
librium system. 
Y . Y„(„) - [S^+ Ci(a)]CT-Tj + :^ (^) (^ "^) 
m^(®) " surface tension at the melting point 
Table 1 is a list of the parameters obtained from a 
least-squares fit of Equation 60 to experimental data. The 
zinc data from (29) is most interesting because the parameters 
decrease linearly as the system is made to approach equilibri­
um. A plot of Ci(e) and 4/3K\y(or-o'^ q/vs. (*-*eq/*eq) 
gives a straight line, Figure 6. The intersection of the 
lines at zero, for (®"®eq/®eq^  = 0, is a necessary condition 
as the irreversible terms must vanish as equilibrium is 
approached. C]^ (a) values were calculated assuming S = -0.64, 
Table 1. Parameters appearing in Equation 60 determined by a least-squares 
fit of the equation to experimental data 
System 
(1) 
m^(*) 
grgs/cm2 
Y (2) 
Si+ei(w) 
ergs/cm2-C 
(3) 
4/3KXv 
*-*eq 
»eq 
(4) 
*-o 
seconds 
(5) 
Standard 
deviation 
(6) 
* *eq 
*eq 
Zinc (29) 793 7.79 3.13x10^  1.12x10" 10 3.50 -0.97 
Zinc (29) 773 3.74 1.67x10^  - - 1.63 -0.519 
Zinc (29) 760 1.60 8.36x10^  — - 3.30 -0.259 
Bismuth 377 1.53 4.79x10^  6.67x10' 12 3.60 -1.0 
Bismuth 383 1.31 3.97x10^  5.52x10" 12 1.18 -1.0 
Lead 428 0.813 2.51x10^  4.50x10" 11 5.23 -1.0 
Pb-Bi eutectic 380 0.406 1.10x10^  4.79x10" 12 7.90 -1.0 
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0 
-1.0 
NON-EQUILIBRIUM PARAMETERS 
Q-aeq 
aeq 
EQUATION 60 VS 
4XvK ,  a-aeq (• 
aeq 
C|(a) 
) 
10 -5 
-0.8 -0.6 -0.4 
a-aeq 
-0.2 OX) 
aeq 
Figure 6. Parameters appearing in Equation 60 plotted as a 
function of surface coverage 
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the value given in (29). Extrapolation of [S^  + C^ C»)] to 
the point where ot = gives about the same value for S'. 
Zinc has the highest vapor pressure of the substances 
tested and the eutectlc the lowest with bismuth and lead in 
between. Column 2, Table 1, shows that the parameter value 
decreases with the vapor pressure at a given temperature. If 
a substance had zero vapor pressure any system would be an 
equilibrium system, and the surface tension would decrease 
linearly with temperature. Low vapor pressure elements such 
as tin and indium should have a nearly linear surface-tempera-
ture relationship in a completely open system. 
Figures 7, 8 and 9 are plots of experimental data for 
bismuth, lead, and lead-bismuth eutectic. The solid lines are 
calculated using Equation 60, and the parameters appear on 
Table 1. The standard deviations are all low, varying from 
one-half to two percent of the surface tension at the melting 
point. 
The temperature variation of eutectic surface tension is 
similar to that of bismuth with tension values falling between 
those of pure lead and bismuth. Saturating the eutectic with 
zirconium increased the surface tension ten percent when meas­
ured under UHV conditions. At 10"^  torr the tension of 
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Figure 9. Surface tension of lead-bismuth eutectic 
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zirconium doped eutectic decreased to a value below that of 
the pure material. The tension of pure eutectic increased 
about three percent when going from 10"^  torr to 10"^  torr. 
An oxide film was found to form over the drop surface when 
zirconium was present and the pressure was in the 10 ^  torr 
range. This film was seen at all temperatures above 250°C, 
and was particularly noticeable above 500°C. The oxide film 
took on a scaly appearance at the higher temperatures, and 
these scales were large enough to show up in photographs 
taken of the drop profile. The zirconium is oxidized, and 
the resulting stable oxide (ZrO^ ) remains on the drop surface. 
Pure eutectic, when tested under the same conditions, did not 
oxidize in this manner and retained a clean, shiny appearance. 
Figure 7, for bismuth, also shows the difference in re­
sults obtained at 10'^  torr and 10"^  torr. As can be seen the 
curve shape does not change, but the surface tension values 
are all lower at 10"^  torr. This difference is a result of 
higher equilibrium concentrations of contaminants adsorbed on 
the drop surface. Adding zirconium to bismuth increased the 
surface tension slightly, but accurate determinations could 
not be made. Zirconium promoted wetting to such an extent 
with pure bismuth that symmetric drops could not be formed on 
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graphite or any of the other solids used in this study. 
The surface tension of lead is higher than that of bis­
muth, and the surface tension-temperature curve is more 
linear. The data appearing in Figure 8 resulted from tests 
conducted at 10"^  torr using iron, chromium, and graphite sub­
strates . Solubility of these materials in lead is so small 
that their affect on surface tension could not be detected. 
Surface tension-temperature data appears in Table 2a. 
Contact Angle Phenomena 
Results of contact angle measurements made on sessile 
drops appear in Table 2b. The results reflect different 
heating conditions, affects of adding zirconium to the liquid, 
and different pressures. 
Bismuth-iron contact angles could be made to vary from 
151 to 65 degrees depending on heating temperature and time 
while under vacuum (10'^  torr). Recrystallization of pure 
iron and desorption of water from the iron surface combine to 
produce this reduction. Pure iron recrystallizes near 450°C, 
and the reaction 
fe202*xh20 ^  ^®2^ 3 
takes place between 350 and 400°C at one atmosphere. Figures 
10a and 10c show the difference in grain structure of some of 
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Table 2a. Experimental surface tension-temperature data 
Drop & 
number 
Substrate Pressure 
torr 
Temp. 
°C 
Surface tension 
ergs/cm^  
Bismuth-1 
It 
It 
If 
If 
Bismuth-3 
II 
fl 
II 
ft 
II 
It 
11 
Bismuth-4 
fl 
fl 
ft 
II 
fl 
If 
ff 
It 
11 
II 
ff 
fl 
It 
graphite 
It 
ft 
II 
It 
Bismuth-2 graphite 
graphite 
ft 
ft 
If 
ft 
fl 
If 
tf 
iron ft 
ft 
ft 
tf 
ft 
ii 
ff 
if 
if 
ii 
tf 
ff 
ff 
10 
II 
II 
It 
II 
10 
II 
It 
It 
It 
II 
10 
It 
It 
It 
ft 
ff 
fl 
If 
10 
It 
It 
II 
It 
ff 
ft 
11 
tf 
ft 
fl 
It 
tf 
It 
-9 
-9 
- 6  
-9 
306 11 
ii 
ii 
ii 
294 
296 
351 
ii 
445 
441 
298 
402 
409 
449 
450 
448 
501 
498 
303 
305 ii 
ii 
ii 
ii 
II 
379 
II 
382 
413 
II 
453 
II 
392 
381 
379 
384 
376 
388 
389 
392 
390 
377 
376 
373 
372 
355 
366 
341 
358 
336 
357 
380 
388 
381 
385 
386 
384 
388 
395 
396 
385 
379 
386 
376 
51c 
Table 2a. (Continued) 
Drop & Substrate Pressure Temp. Surface tension 
number torr °C ergs/cm^  
Lead-1 chromium 10"^  351 424 
432 
403 425 it ii ii ii 
ii ii ii 
ii ii if ii 
ii ii ii 
ii ii ii 
it ii ii 
ii ii ii 
ii ii ii 
424 
456 418 
Lead-2 chromium 10" 352 437 
ii ii ii ii 2^4 
408 424 
421 
430 
445 438 
417 
507 410 
405 
ii ii ii 
ii ii ii ii 
ii ii ii ii 
ii ii ii 
ii r ii ii 
ii ii ii 
II It It II 
11 ft ii ii 
II II It 
Lead-3 iron 10'^  353 419 
431 
452 422 ii ii ii ii 
ii ii it 
ii ii ii ii 
419 
498 425 
409 
Lead-4 graphite 10"^  353 448 
fi ii ii 11 428 
388 418 
435 
423 415 
426 432 
515 401 
" 409 
ii ii ii 
ii it ii ii 
Pb-Bi graphite 10" 206 391 
eutectic-1 " " " 413 
it ii ii 295 
402 
287 400 
385 
398 
ii 11 ii 
ii 1.1 
M M »• 
Il II II 
5 Id 
Table 2a. (Continued) 
Drop & 
number 
Substrate Pressure 
torr 
Temp. Surface tension 
ergs/cm^  
10-9 380 392 
II II 403 
II II 387 
II 530 375 
II 11 372 
II It 380 
10-9 216 403 11 II 395 11 310 396 
II 358 408 
It 11 11 
11 428 403 
II 492 385 
It II 386 
10-G 187 371 
II II 391 
II 294 392 
II II 400 
II 393 380 
II II 395 
II 497 394 II II 387 
10-9 205 421 
II 11 419 II 277 426 II II 415 II 354 399 II II 410 
II II 400 
II 432 403 II II 397 II 394 
Pb-Bi 
eutectic-1 
graphite 
It 
tf 
ft 
11 
11 
ft 
II 
II 
II 
Pb-Bi-2 11 
11 
ii 
ii 
11 
ii 
it 
Pb-Bi-3 ii 
ii 
II 
it 
II 
ii 
ii 
Pb-Bi + 
zirconium 
ii 
II 
ii 
II 
II 
ii 
II 
chromium it 
ii 
II 
II 
11 
m 
II 
graphite 
II 
11 
II 
II 
11 
11 
graphite 
II 
II 
II 
II 
II 
II 
II 
11 
51e 
Table 2a, (Continued) 
Drop & 
number 
Substrate Pressure 
torr 
Temp. 
oc 
Surface tension 
ergs/cm2 
Pb-Bi + 
zirconium 
-1 ii 
ii 
ii 
Pb-Bi + 
zirconium 
- 2  
graphite 
tt 
If 
tt 
II 
II 
graphite 
II 
II 
II 
10 ii 
II 
ii 
II 
ii 
10 
II 
II 
II 
-9 
- 6  
516 
183 
301 
403 
501 
394 
389 
392 
393 
390 
394 
388 
379 
370 
373 
Table 2b. Contact angles for the various systems tested 
Contact Pressure 
Liquid-solid angle torr Heating conditions 
degrees 
Bi-Ta 70-71 10" 9 300-500C 
Bi-Graphite 161-164 ir baked at -400C for 18 hours. tested at 300C 
Bi-Cr 164-163 ti tested at 300-•400C for one week 
Bi-Fe 151-148 If 300c bakeout, tested at ; 300 -450C 
Bi-Fe -120 ti 350C bakeout, tested at ; 300C 
Bi-Fe 65-66 If 500C bakeout. tested at ; 320 -500C 
Bi-Ti 105-100 ft 
6 
tested at 310-•460C 
Bi-Zr -40 10" tested at 300C 
Bi+Zr- 133 ft tested at 300C 
Graphite 
9 Pb-Graphite 129-132 10" tested at 360 to 515C 
Pb-Cr 110-112 ft tested at 350 to 5 IOC, 700C bakeout 
Pb-Cr 125-128 If tested at 350 to 515C, 550C bakeout 
Pb-Fe 141-145 If tested at 350 to 500C, 500C bakeout 
Pb-Bi eut-Fe -70 II tested at 220 to 500C, 500C bakeout 
Pb-Bi eut-Cr 116-118 II tested at 220 to 500C, 500C bakeout 
Pb-Bi eut- 121-125 II tested at 210 to 530C 
Graphite £ 
Pb-Bi eut- 132-122 10' 6 tested at 187 to 500C 
Graphite Û 
Pb-Bi+Zr- 94-98 10" ? tested at 200 to 600C 
Graphite 
Pb-Bi+Zr- 169-163 10" o tested at 180 to 500C, drop covered with 
Graphite 
9 
an oxide 
Pb-Bi+Zr-Fe -33 10- tested at 200 to 6 IOC 
Pb-Bi+Zr-Cr -120 10-6 tested at 240C 
Figure 10. Grain structure and bismuth contact angles on 
pure iron, nital etch 
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..—«?- _»^«» 
(a) Iron (lOOX) control 
 ^ .'...";-«.V*,iJK — 
(b) Iron (lOOX) 350°C - 3x10'^  torr -
12 hrs. Bismuth contact angle 90^  
(c) Iron (lOOX) 500°C - 3x10"* torr -
12 hrs. Bismuth contact angle 60° 
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the iron tested. The iron structure shown in Figure 10a is 
not much different than that appearing in Figure 10b, but a 
contact angle of 120 degrees compared, Figure 10b, to 151 
degrees. Figure 10a, is a result of water desorption and 
partial recrystallization. Complete recrystallization and 
further water desorption resulted in a contact angle of 65 
degrees. Figure 10c. Iron oxide, Fe203, is stable at 10'^  
torr up to and beyond the melting point of iron so there is 
always an oxide film present. The film probably undergoes a 
structural change during recrystallization, and this would 
account for part of the contact angle reduction. 
Lead-bismuth eutectic and eutectic plus zirconium both 
had low contact angles on recrystallized iron. Adding zircon­
ium brought the contact angle down to thirty-three degrees 
which indicates that zirconium is adsorbed at the solid-liquid 
interface. Since zirconium is easily oxidized it is quite 
probable that it reacts with the iron oxide at the interface 
either reducing it or forming a more complex Fe-O-Zr compound. 
With the exception of iron, lead contact angles were gen­
erally lower than those of bismuth. The iron specimen was not 
fully recrystallized, however, and the comparison is not too 
good. The solubility of iron in lead is less than in bismuth. 
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and this will account for some of the difference. 
Chromium contact angles were generally high. The chro­
mium was recrystallized, and high temperature heating did not 
have a great affect on the contact angles. A reduction in 
-9 lead contact angle from 128 to 110 degrees at 10 torr was 
produced by heating, but this is not a large change. 
o *"9 Heating a chromium specimen for one week at 300 C at 10 
torr did not result in a measurable change in the bismuth 
contact angle. It remained at the relatively high value of 
163 degrees for the entire period. Chromium oxide will not 
decompose at this low temperature, but any adsorbed water 
should be driven off. The relatively inert oxide film on 
chromium is not disturbed appreciably by heating, at least to 
700°C. Chromium is more soluble in bismuth than in lead, but 
this did not alter the bismuth contact angle. 
-9 Graphite contact angles measured at 10 torr were high 
when the substance had not been out-gassed. Adding zirconium 
to both bismuth and the eutectic reduced the contact angles. 
Adsorption of zirconium at the interface and possible carbide 
formation caused the reduction. At 10"^  torr zirconium was 
oxidized so badly that an oxide film formed on the drop sur­
face, and the contact angle was 169 degrees. At 10"^  torr the 
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contact angle was ninety-eight degrees. Zirconium is an 
oxygen getter and at 10'^  torr, a fairly high vacuum, it is 
rapidly oxidized, transported to the drop surface and away 
from the solid-liquid interface. As a consequence the con­
tact angle is quite high. 
Titanium and zirconium are both relatively soluble in 
bismuth, and low contact angles result, 100 and 40 degrees, 
respectively. A ring of pure bismuth was found to spread 
ahead of the main drop on both of these substances, and con­
tact angles decreased slowly with time. Equilibrium was never 
reached. Surface diffusion coupled with high solubility would 
eventually produce a zero contact angle, but the equilibration 
times, on the order of 100 hours, are long because the process 
is diffusion controlled. 
Tantalum is insoluble in bismuth and is easily cleaned by 
heating since it has a relatively volatile oxide. Drops of 
bismuth placed on its surface at 300°C at 10~^  torr had con­
tact angles greater than ninety degrees. As the system pres­
sure was decreased, a point was reached where the contact 
angle suddenly decreased to seventy degrees. In this case 
solubility played no part in the wetting process, and only the 
increase in solid surface energy caused by oxide removal pro-
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vided the necessary driving force. 
The contact angle results can be summarized as follows: 
1) Increased solubility promotes wetting and lowers the 
contact angle, but this is not a necessary requirement. 
2) Zirconium lowers contact angles by adsorption at the 
solid-liquid interface where it probably reduces any 
oxide films present. 
3) Oxidation renders zirconium useless, as it oxidizes and 
concentrates as the oxide on the liquid vapor interface, 
and not at the solid liquid interface. 
4) Water desorption and recrystallization reduce contact 
angles on iron even in the presence of an oxide film. 
Electron Microprobe Studies 
Zirconium was found to reduce the eutectic-iron contact 
angle by adsorption at the solid-liquid interface, and it is 
known to inhibit corrosion of steels by liquid metals. Conse­
quently, a knowledge of zirconium distribution around the 
solid-liquid interface is desirable. Information about the 
general shape of the solid-liquid interface is also of value 
as liquid attack gives rise to an irregular appearance of the 
solid surface. 
The electron microprobe was used to obtain such informa-
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tion. An electron beam impinging on the specimen surface 
causes each element present to emit a unique set of X-rays 
in direct proportion to the amount present. Weight fraction 
of each element can be calculated by comparing the intensity 
of X-rays emitted from the sample to those emitted from the 
pure material. Details of the calculation procedure can be 
found in Appendix II. 
Concentration profiles were obtained for each element by 
stepping the electron beam in one micron increments across 
the interface and then plotting the calculated weight fraction 
as a function of distance. The relative location of each 
element present on either side of the interface was determined 
by scanning the electron beam across the interface to produce 
an X-ray intensity pattern for that element. This pattern 
was then displayed on an oscilloscope and photographed. In 
addition to showing the location of a given element, the 
photographs illustrate the general configuration of the 
interface. 
Figures 11 and 12 are microprobe photographs of the ele­
ments present in three different systems at two magnifica­
tions: Figures 11a and 12a represent pure eutectic on iron, 
Figures lib and 12b eutectic plus zirconium on iron, and 
Figure 11. Microprobe photos of the lead-bismuth eutectic-
iron interface taken after 48 hours at 500°C 
and 10"9 torr 
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Figure 12. Microprobe photos of the lead-bismuth eutectic-
iron interface taken after 48 hours at 500°C 
and 10*9 torr 
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Figures 11c and 12c eutectic plus titanium on iron. Figures 
13 and 14 are similar to Figures 11 and 12 except that iron 
has been replaced by chromium. Figure 15 shows the pure 
eutectic-tantalum interface at high magnification. 
Concentration profiles for the various elements present 
in the systems' illustrated in Figures 11 through 14 appear in 
Figures 16 and 17. Figures 16a and 16b represent the pure 
eutectic-iron system; Figures 16c, 16d, and 16e, the eutectic 
plus zirconium-iron system; and Figures 16f, 16g, and 16h, the 
eutectic plus titanium-iron system. Figure 17 is similar to 
Figure 16 except iron has been replaced by chromium. 
Drops were not used for this portion of the study because 
evaporation would cause significant loss of liquid during the 
test. Instead, 1/4-inch diameter, 1/32-inch thick discs of 
iron and chromium were placed in tantalum crucibles and out-
gassed at 600°C until the system pressure reached 10"^  torr. 
The crucibles and specimens were then cooled, removed from the 
vacuum, and filled with eutectic. Zirconium and titanium were 
added to some of the crucibles in sufficient amounts to insure 
saturation at 500°C (27). The specimens were then returned to 
the vacuum system, out-gassed to 10"^  torr, heated to 500°C, 
and kept there for forty-eight hours. At the end of the test 
Figure 13. Microprobe photos of the lead-bismuth eutectic-
chromium interface taken after 48 hours at 500°C 
and 10"9 torr 
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Figure 14. Microprobe photos of the lead-bismuth eutectic-
chromium interface taken after 48 hours at 500°C 
and 10"9 torr 
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Figure 15. Microprobe photos of the lead-bismuth eutectic-
tantalum interface taken after 48 hours at 500°C 
and 10"9 torr 
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Figure 17. Concentration profiles measured across the 
lead-bismuth eutectic-chromium interface 
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period the specimens were cooled, removed from the vacuum, 
cut in half to expose the interface, and polished for micro-
probe analysis. 
The microprobe photographs. Figures 11 through 15 for 
lead, show a lead-rich phase next to the solid surface. The 
concentration profiles. Figures 16 and 17, also show this 
lead rich phase, but in greater detail. The lamellar struc­
ture of frozen lead-bismuth eutectic can be seen in Figure 15. 
The lead-rich phase is next to the tantalum surface. Since 
tantalum is insoluble in eutectic, the lamellar structure of 
frozen eutectic is not destroyed during solidification as it 
is when iron and chromium are present. The lead-rich phase 
next to the solid surface occurs during solidification and is 
not present when the eutectic is liquid. Lead has a higher 
surface tension than bismuth, and the lead-rich phase of the 
frozen eutectic will also have a higher surface tension than 
the bismuth-rich phase if each could exist as separate liquids. 
A minimum surface energy configuration will be encountered 
when the highest surface energy phase is next to the solid 
surface. The presence of lead-rich phase next to the solid 
fulfills this condition. 
Figures 11 and 12 show the eutectic-iron interface under 
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two magnifications. Examination of the iron photograph, 
Figure 12a, indicates by virtue of the irregular appearance 
of the interface, that some attack of the iron has taken 
place. Zirconium and titanium, photographs Figures lib and 
11c, and 12b and 12c, appear to be adsorbed at the iron inter­
face. The zirconium does not show up too well in Figure lib, 
but a glance at the concentration profile. Figure 16e, shows 
zirconium concentrated at the interface. The iron interface 
has a relatively smooth appearance when zirconium and titanium 
are present, and this would seem to indicate that these addi­
tives reduce the severity of eutectic attack. Titanium will 
suppress iron solubility in bismuth and this may account for 
part of the reduction, A similar solubility affect could be 
expected from zirconium. 
Concentration profiles. Figure 16, show increased amounts 
of zirconium and titanium near the interface. Part of the 
titanium in this region is a result of freezing. Figure 16h 
shows two peaks in the titanium profile; the one to the left 
is outside of the solid region and the other is about three 
microns into the iron. The shape of the one on the left looks 
similar to a segregation curve. 
Chromium, Figures 12 and 13, appears to be attacked more 
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when zirconium and titanium are present—just the reverse of 
the situation for iron. Chromium particles are in the eutec-
tic. Figures 13b and 13c, and both titanium and zirconium are 
adsorbed on chromium surfaces. The pure eutectic-chromium 
interface, Figures 13a and 14a, by virtue of its relative 
smoothness, shows less evidence of attack. 
In general, concentration profiles. Figures 15 and 16, 
show that both zirconium and titanium diffuse into solid iron 
and chromium. Lead and bismuth also diffuse into these solids, 
and lead is always at a higher concentration at any given 
point. The penetration depth into iron and chromium is about 
the same for all elements present. 
The oxides of both iron and chromium are unstable in the 
presence of titanium and zirconium, and chromium is more 
soluble in eutectic than iron. Consequently, reduction of the 
surface oxide on chromium would produce a more noticeable 
change than it would in iron. Suppression of the amount of 
iron in solution by the presence of titanium or zirconium 
would further reduce the attack of iron by eutectic. 
The general appearance of the iron and chromium profiles 
suggests that they may be represented by an error function 
concentration curve. This curve can be obtained by solving 
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the unsteady diffusion equation with constant diffusion coef­
ficient to give 
X = %(1 + erf(z/2(Dt)^ )) 
X = weight fraction 
z «= position (cm) ; z *= 0; x = % 
D = diffusion coefficient (cm^ /sec) 
t = elapsed time (seconds). 
Using a non-linear least squares technique to fit the error 
function curve to measured concentration profiles produces a 
diffusion coefficient which represents the best value for the 
set of measurements. Table 3 lists these coefficients along 
with the standard deviation of the concentrations. It is 
interesting to note that the diffusion coefficients arrange 
themselves numerically in the following way 
d2r < dri < dput 
for pure iron, and 
°eut < ^ i < ®Zr 
for pure chromium. This is just the sequence that would be 
expected based on visual evidence obtained from the photo­
graphs, Figures 11 through 14, and the coefficients are so 
low that only solid phase diffusion could have taken place. 
A note of caution should be injected at this point. The 
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Table 3. Diffusion coefficients determined from microprobe 
concentration profiles. All systems were tested 
for 48 hours at SOQOC and 10'^  torr 
Liquid Solid Diffusion Standard 
coefficient deviation 
cm^ -sec"^  
Pb -Bi eutectic Chromium 1. 5xlO"14 0.011 
It It It Iron 3. 7x10-14 0.020 
Pb -Be eutectic + Zr Chromium 7. 0x10-14 0.025 
tl ft II II II Iron 5. 5x10-15 0.012 
Pb -Bi eutectic + Ti Chromium 3. 1x10-14 0.011 
Tl II II It II Iron 2. 6x10-14 0.032 
finite size, a one-micron diameter circle, of the electron 
beam will give rise to a concentration profile even though 
one may not exist. The beam will span the interface at some 
point on its journey from one phase to the other, and produce 
X-rays less intense than those produced in the homogeneous 
phases. Traversing an interface formed by two substances in 
intimate contact, but without any diffusion having taken place 
will result in a concentration profile, which is similar to 
the error function profile, about three-microns wide. Conse­
quently, there is a minimum diffusion coefficient inherent in 
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this method of analysis. Nevertheless, the coefficients 
appearing in Table 3 can be used as "figures of merit" to 
compare the various systems since the diffusion zones were 
always greater than or equal to three microns. Longer dif­
fusion times and higher temperatures would mitigate the 
resolution problem. 
Appendix II contains some details about the calculation 
procedure used to obtain diffusion coefficients from the 
error function relationship. 
Oxide Films and Corrosion Protection 
It has been found by Weeks (27) and others that zirconium 
protects chromium-containing steels from corrosion by lead-
bismuth eutectic. The results of this study combined with 
some information on binary oxide mixtures (3,11) can be used 
to explain, in part, the beneficial effects zirconium has on 
the corrosion rate. 
Binary oxide mixtures of Bi203-Fe203 and Pb0-Fe202 form 
low melting eutectics (730 and 750°C). It has also been found 
that oxidation of steels is accelerated by the presence of PbO 
and Bi203, and that oxygen increases the rate of liquid metal 
corrosion. The oxide system Fe0-Zr02 has a eutectic of 1350°C, 
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and the ternary system Fe-O-Zr has no eutectic below 1400°C. 
Zirconium diffuses into the solid surface, and concen­
trates in the interfacial region. It probably reacts there 
to form a complex Fe-O-Zr compound rather than completely re­
ducing the oxide film to form Zr02. In solution zirconium 
will be preferentially oxidized and will suppress or prevent 
formation of PbO and 81203. The combined effect of oxygen 
gettering in solution and oxidation reactions at the solid-
liquid surface eliminate any possibility of forming low melt­
ing 81203^ 2^03 compounds. The presence of liquid oxide com­
pounds near the solid surface would increase liquid metal 
corrosion rates by making it easier for metal to diffuse into 
the liquid, and for oxygen to diffuse to the metal surface. 
Increasing the oxygen content to the point where all of 
the zirconium or titanium is used up would have serious conse­
quences as the system Bi203-Pb0-Ti02 forms a low melting 
eutectic (600°C) containing two percent Ti02. A similar 
result could be expected by replacing Ti02 with Zr02. 
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CONCLUSIONS 
1. Surface tension of liquid metals measured under non-
equilibrium conditions can be represented by a model. Equa­
tion 60, incorporating evaporation rate and surface coverage 
into an irreversible entropy term which when integrated gives 
the proper surface tension-temperature behavior. 
2. The equilibrium surface entropy, S^  in Equation 60, 
can be obtained by extrapolating the quantity (S^ +C^ C^of)) to 
the equilibrium surface coverage (a=agq). 
3. The quantity (to) can be estimated fn'jm non-equi­
librium surface tension measurements for various substances. 
4. Zirconium and titanium were found to adsorb at the 
solid-liquid interface and promote wetting of iron and chro­
mium by lowering the interfacial tension. 
5. Recrystallization and water desorption from the iron 
surface were found to promote wetting by bismuth and Pb-Bi 
eutectic under UHV conditions. 
6. Zirconium and titanium were found to protect iron 
from attack by lead-bismuth eutectic, but attack of chromium 
appeared to be accelerated. 
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7. Zirconium and titanium additions to lead-bismuth 
eutectic provide additional corrosion protection by acting as 
oxygen "getters", and by reacting at the solid-liquid inter­
face with oxide films present on the solid surface. The 
latter results in higher melting point surface films, and 
prevents formation of low melting eutectic oxide mixtures. 
8. Solid phase diffusion coefficients can be used to 
compare the effects that additives such as zirconium and 
titanium have on liquid metal corrosion of iron and chromium. 
Care must be taken to insure that the diffusion zone is 
greater than three microns wide so as to eliminate errors 
caused by the finite size of the electron beam in the micro-
probe . 
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RECOMMENDATIONS 
1. A series of more exacting studies should be under­
taken to ascertain the role played by additives such as 
zirconium and titanium in the presence of known amounts of 
oxygen and nitrogen. Ion bombardment should be used to clean 
solid surfaces, and all solids should be annealed to remove 
residual stresses. These tests should be conducted in an 
ultra-high vacuum environment using either liquid metal drops 
on the solid, or containing the liquid in some inert crucible. 
2. Some attempt to control corrosion should be made by 
adding inhibitors to the solid rather than the liquid phase 
alone. 
3. X-rays should be investigated as a replacement for 
visible light for the purpose of photographing drops. It is 
difficult to obtain high temperature surface tension measure­
ments because the windows in the vacuum chamber become coated 
with condensed liquid metal vapor. Consequently, it is impos­
sible to see the drops and to photograph them. Visual sight­
ing of the drop would not be necessary if x-rays were used in 
place of ordinary light. In principle, x-rays should produce 
better quality drop images than light since they have a 
shorter wave length. Details of the experimental technique 
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could be worked out using mercury at room temperature and 
pressure. 
4. Redesign of the drop heating equipment should be 
undertaken with the purpose of designing a system that would 
insure thermodynamic equilibrium between the drop and its 
vapor. The use of x-rays should simplify the design. 
5. The results of the surface tension model, Equation 
60, were encouraging; consequently, surface tension-tempera­
ture studies should be expanded to include organic liquids, 
water and other liquid metals to test the general applica­
bility of the model. 
6. Wetting studies of solid oxide materials by liquid 
metals and molten oxides under UHV should be started. This 
area has been neglected in this study, but a knowledge of 
contact angles on oxide surfaces would probably explain the 
high contact angles measured in some of the systems studied 
here. A study such as this should provide additional insist 
into binary oxide eutectic formation and composition of sur­
face films on metals. 
7. Grain boundary penetration by liquid metals should 
be investigated under UHV as this may provide additional in­
sight to the contact angle reduction caused by the recrystal-
lization of iron. 
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APPENDIX I 
Surface tension and contact angles are calculated from 
sessile drop shapes using non-linear regression to fit the 
calculated and measured drop shapes. Adjustment of the 
parameters b and (p®'-p^ )/Y^  appearing in Equation 35, until 
the sum of squares between the measured and calculated x-
coordinates is minimized results in the best set of parameters 
for the measured shape. Contact angle is obtained as the 
upper limit of integration. Equation 34c, using the best set 
of parameters. 
In the course of measuring a drop it is necessary to 
align the vertical axis of the measuring instrument with the 
drop apex. The instrument reading obtained at the apex is 
then subtracted from all subsequent z-measurements to obtain 
the proper set of z-coordinates. Some error creeps into 
alignment of the microscope cross-hairs with the drop apex, 
and the error is transmitted to all z-coordinates via sub­
traction. Since this error is constant, it can be treated as 
a parameter and compensated for by least-squares techniques. 
This is done by substituting the following expression into the 
computer program in place of each measured z-coordinate. 
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zt = zn, + e 
zx = true z-coordinate 
Zjj, = measured z-coordinate 
e = apex error 
Surface tension values are strongly affected by this error. 
The sensitivity is about 23,000 surface tension units per cm 
of apex error, or 
—- = 23,000 . 
e 
The apex error is designated by the symbol AMEN in the com­
puter program. Details of the computation procedure can be 
found in (14) and the apex correction is the only major change 
made since the article (14) was published. 
A documented computer program is contained in this 
Appendix along with a sample of the output and a nomenclature 
list. Table 4. Table 5 is a list of the polynomial coeffi­
cients used in the program. 
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Table 4. Definition of symbols used in the computer program 
Symbol Definition 
C(J) Polynomial coefficients statement 110 in 
program, values appear in Table 5. 
TIL A set of titles used for labeling dummy output 
variables VAR 
G Local acceleration of gravity 
H Integration step size = 0.002 cm 
PI 3.14159265 
PF Parameter increment = 0.01 
TOL Parameter correction tolerance = 0.0001 
EPS 0.000001 
NOT Maximum number of times parameters corrected 
= 6 
LN Maximum number of integration steps = 499 
NP Number of parameters = 3 
TITLE Used to identify a given set of data 
RHO Drop density 
T Surface tension 
B Radius of curvature at the drop apex--parameter 
two 
AMEN Apex correction error—parameter three 
N Number of measured points on the drop contour 
NAT Code number--see compilation 
I 
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Table 4 (Continued) 
Symbol Definition 
ZO 
ZT 
X190, X290 
Z90 
DIA 
PDIA 
TEMP 
XI, X2 
ZM 
GD 
F 
ZZ 
S 
SD 
X, Z 
XI 
AR 
AI 
VO 
Measuring instrument reading at the drop apex 
ii ii ii ii ii ii base 
Measuring instrument readings taken on either 
side of the drop at the maximum diameter 
Measuring instrument reading taken at the 
maximum diameter 
Measured diameter of some known object 
Photographed diameter of same object 
Test temperature 
X-coordinate measurements taken on either 
side of the drop 
measured z-coordinate 
G*RHO/T--parameter one 
Partial derivative matrix 
Vector of residuals 
Sum of squares 
Standard deviation 
Calculated x and z-coordinates 
Interpolated x-coordinate 
Drop surface area 
Solid-liquid interfacial area 
Drop volume 
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Table 5. Polynomial coefficients 
J C(J) 
0 16.8621 
1 -53.3959 
2 26.5354 
3 95.0974 
4 -182.7348 
5 146.4365 
6 -60.5685 
7 12.6683 
8 -0.9000 
c 
c 
c 
c 
c **********************************$*$*******$$*********$********$#**** 
c * 
c * THIS PROGRAM CALCULATES SURFACE TENSION AND CONTACT ANGLE FROM 
C * THE MEASURED SHAPE PP A SESSILE DROP. A NON-LINEAR REGRESSION 
C * CALCULATION PROCEDURE IS USED TO FIT CALCULATED AND MEASURED DROP 
C * SHAPES BY ADJUSTING THREE PARAMETERS DENSITY/SURFACE TENSION 
C * RATIO, RADIUS OF CURVATURE AT THE DROP APEX, AND APEX LOCATION * 
C * ERROR. 
C * 
C * 
C * INPUT DATA 
C * 
C * C(J»=BETA POLYNOMIAL COEFFICIENTS, TIL(I,111=TITLES FOB OUTPUT 
C • VARIABLES VAPIII, G=LOCAL ACCELERATION OF GRAVITY, H=INTEGRATION 
C * STEP SIZE, PF=PARAMETER INCREMENT, TCL=PARAMETER CORRECTION 
C • TOLERANCE, EPS=1.0E-06, NOT=MAXIHUM NUMBER OF TIMES PARAMETERS 
C * CORRECTED, LN=MAXIMUM NUMBER OF INTEGRATION STEPS, NP=NUMBER OF 
C • PARAMETERS, RHO=DROP DENSITY, T=INITIAL ESTIMATE OF SURFACE * 
C • TENSION, e=INITIAL ESTIMATE OF DROP RADIUS AT THE APEX, AMEN= 
C * INITIAL ESTIMATE OF THE APEX LOCATION ERROR, N=NUMBER OF MEASURED 
C * POINTS ON THE DROP, NAT=CODE NUMBER FOR STATEMENTS 130,140,150,160 
C * ZO=MEASURED Z-COORDINATE AT THE APEX, ZT=MEASURED Z-COORDINATE AT 
C * THE DROP BASE, XlO0,X290=MEASURE0 X-COORDINATES AT THE DROP 
C * EQUATOR, Z90=MEASURE0 Z-COORDINATE AT THE DROP EQUATOR, OIA= 
C • MEASURED DIAMETER OF SOME KNOWN OBJECT, PDIA=PHOTOGRAPHED DIAMETER 
C  • O F  S A M E  O B J E C T ,  T E M P = T E S T  T E M P E R A T U R E ,  X I , X 2 , Z M = M E A S U R E D  X  A N D  Z  
C * DROP COORDINATES. 
C • 
C ********************************************************************** 
c 
c 
c 
DIMENSION C(9),00(3),F(25,3),ZZ(25),FT(3,25»,TITLE(20I,E(3,3), 
1X1(251,X2(25I,TIL(14,9) 
COMMON XM(25),ZM(25I,XI(25,4),L,N,LN,EPS,PI,H,G0,B,VAR(20),NOND, 
lAMEN 
DOUBLE PRECISION A(3,3),FTZI31 
READ (1, 1 ) (C(J),J=1,9| 
1 FORMAT (4F20.0» 
REAC(1,6)((TIL<I,III,11=1,9),1=1,14) 
6 F0RMAT(9A4) 
READ (1, 2 ) G,PI,H,PF,TOL,EPS,NOT,LN,NP 
2 FORMAT (4F10.0,2E10.0,12,13,11) 
10 READ (1, 3 ,END=310) ITITLE(J ) , J=1,20) 
3 FORMAT (20A4) 
READ (1,4) RHO,T,B,AMEN,N,NAT 
4 FORMAT (4F10.0,I2,I3) 
READ (1,5) ZO,ZT,X190,X290,Z90,DIA,PDIA,TEMP 
READ (1,5) (X1(J),X2(J),J=1,N) 
READ (1,5) (ZM(J),J=1,N) 
5 FORMAT (8F10.0) 
WRITE (3, 7 ) (TITLE(J) ,J=1,20) 
7 FORMAT ('l',T5,20A4//) ro 
WRITE (3,8) 00 
8 FORMAT (« ',T4,«PARAMETER',T19,'PARAMETER',T34,'PARAMETER',T49, 
1'PARAMETER•,T64,'PAPAMETER•,T79,'PARAMETER',T94,'SUM OF",Till, 
2'STO',T122,'SURFACE'/T4,'0NE(G*D/T)',T19,'CORRECTION',T34,'TWO(B)' 
3,T49,'CORRECTION',T64THREE(AMEN)•,T79,•CORRECTION',T94, 
4»SQUARES*,T114,'DEV',T122,'TENSION'/) 
C 
C DROP MEASUREMENTS CONVERTED TO CM SF=SCALE FACTOR 
C 
SF=DIA/POIA 
X90=.5*ABS(X19C-X290) 
XP=X90/(ZO-Z90I 
ZM(N+1)=SF*(Z0-ZT) 
DO 20 1=1,N 
XM(I)=.5*SF*ABS(XI ( I)-X24I)) 
20 ZM(I)=SF*(ZO-ZM(I)) 
IF (X90.EQ.0.0) GO TO 120 
BE=0. 
00 110 J=l,9 
110 BE=BE+C(J)*XP**(J-1) 
C 
C STATEMENTS THRU 160 ARE LIQUID METAL DENSITY-TEMPERATURE RELATIONSHIPS 
C 
120 IF (RHQ.GT.0.0) GO TO 170 
, GO TO (130,140,150,1601, NAT 
C 
C NAT=1, LEAD-BISMUTH EUTECTIC 
C 
130 RHO=10.75-.0014*TEMP 
GO TO 170 
C 
C NAT=2, LIQUID LEAD 
C 
140 RH0=10.<5786-.0012*TEMP 
GO TO 170 
C 
C NAT=3, LIQUID BISMUTH 00 
C VO 
150 RH0=10.4088-.0013*TEMP 
GO TO 170 
C 
C NAT=4, LIQUID TIN 
C 
160 RHO=7.1556-.0007*TEMP 
170 CONTINUE 
GO=G*RHO/T 
IF (X90.GT.O.O) B=SQRT(BE/GD) 
NIX=0 
N0ND=0 
180 NIX=NIX+1 
C 
C PARAMETER INCREMENTS CALCULATED 
C 
00(1)=PF*G0 
00(2 > = PF»B 
DD(3I=PF*AMEN 
IF I(NIX-NOT).GT.O) GO TO 280 
L=0 
190 L=L+1 
CALL COORS 
GO TO (200,210,220,2211,L 
200 G0=G0+00(1I 
GO TO 190 
210 B=B+D0(2» 
GO=GO-00(H 
GO TO 190 
220 B=B-DD(2) 
AHEN=AHEN+DD(3) 
GO TO 190 
221 AMEN=AHEN-DD(3) 
C 
C ELEMENTS OF THE PARTIAL DERIVATIVE CALCULATED— STATEMENT 230 
C 
DO 230 1=1,h vo 
DO 230 K=1,NP O 
230 F( I,K» = (XI( I,K+1)-XI(I ,U )/DD(K) 
S=0.0 
c 
c VECTOR OF RESIDUALS AND SUM OF SQUARES CALCULATED STATEMENT 240 
C 
DO 240 1=1,N 
zz(ii=xM( n-xi(i,i) 
240 S=S+ZZ(I)*ZZ(II 
SD=SQRT(S/(N-NP)) 
DO 250 K=1,NP 
DO 250 1=1,N 
250 FT(K,n = F( I,K) 
DO 260 J=1,NP 
DO 260 K=1,NP 
A(J,K»=O.DO 
DO 260 1=1,N 
A(J,K>=AIJ,KI«FT( J.n^FI I,K) 
E<J,KI=A(J.KI 
260 CONTINUE 
DO 270 1=1,NP 
FTZd» =0.00 
00 270 J=1,N 
270 FTZ( n = FTZm + FT« l,J»»ZZ(Jt 
C 
C MATRIX INVERTED Tfl OBTAIN PARAMETER CORRECTIONS 
C 
CALL OGELG (FTZ,A,NP,1,EPS,1ER I 
T=G»RHO/GO 
VAR(2I=G/G0 
WRITE (3, 9 I G0,FTZ(Xt,B,FTZ(2l,AHEN,FTZ(3l,S,S0,T 
9 FORMAT {' « ,T2,El3.6,Tn,0l3.6,T32,El3.6,Tit7,D13.6,T62,E13.6,T77, 
1013.6,T92,E13.6,T107,ei3.6,T122,F6.2) 
CRY=FTZ(1l/GD 
IF (»ABS<CRY»-TOL».LE.O.O» GO TO 280 
C 
C PARAMETERS CORRECTED TO A BETTER SET OF VALUES 
C 
G0=GD»FTZ(1» 
B=B+FTZ(2» 
AMEN=AMEN+FTZ(3I 
GO TO 180 
280 NONO=I 
WRITE (3,12 ) 
12 FORMAT (//• • ,T33,«HEASURE0 CCOROINATF.S» ,T61,« INTERPOLATED',T80i 
I "RES IDUALS«/T36, 'XM',T47, 'ZM« ,T66, «XI • ,T81,« ( XM-XI»» /) 
WRITE (3,131 (XH(n,ZM(I),XI(I,ll,ZZ(n,I = l,N) 
13 FORMAT (' ',T31,F10.6,T44,F10.6,T61,F10.6,T78,F10.6I 
CALL COORS 
WRITE(3,21I 
21 FORMAT!//» 
C 
C DUMMY VARIABLES USED FOR OUTPUT OF CALCULATED DATA 
C 
VAR<H=RHO 
VAR(3)=vaR(20**180./PI 
VAR(4»=C0S«VAR(20)I 
VAR(5»=T#SIN{VAR(20») 
VAR(6I=T*VAR(4I 
VAR(7I=T*(VAR(4)-1.» 
VAR(9)=T*(VAR(4)+1.» 
VAR(12)=VAP(9)+VAR(10I 
VAR(13J=TeMP+273.1 
VAR(14)=VAR(9)/VAP(111 
00 300 1=1,14,2 
300 WRITE(3,15)(TIU(I,II),II=1,9),VAR(II,(TIL(1+1,III,II=1,91,VAR(I+1I 
15 FORMAT(T5,9A4,T46,F12.5,T71,9A4,T112,F12.5) 
WRITE (3,181 
18 FORMAT (//T5,»INVERTED MATRIX A(I.Jl',T52,'COEFFICIENT MATRIX Ed, 
1J)'/I 
WRITE (3,191 ((A(I,J»,E(I,JI,4=1,NP),I=1,NPI 
19 FORMAT (« »,T5,D13.6,T51,E13.6,T21,013.6,T67,E13.6,T37,013.6, 
IT83,E13.6» 
GO TO 10 
310 STOP 
END 
SUBROUTINE COORS 
C 
C 
C SUBROUTINE FOP NUMERICAL INTEGRATION AND COORDINATE INTERPOLATION 
C 
C THE VARIABLES ARE X,Z,AND P ARE THE CALCULATED ORCP COORDINATES AND 
C NORMAL ANGLE, V0= THE DROP VOLUME, AR= THE DROP SURFACE AREA, 
C XI=THE INTERPOLATED X-COORDINATE 
C 
C 
01 PENSION X1500),7(500»,*(500),AR(500),V0(500) 
COMMON XM(25),ZH(25),XI(2 5,4),L,N,LN,EPS,PI,H,GD,B,VAR(201,NOND, 
1 AMEN 
DOUBLE PRECISION A(3,3I,Y(3I 
RAD(CX,CZ,AA)=GD*rZ*2./B-SIN(AA)/CX 
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APPENDIX II 
X-ray intensities emitted from atoms excited in a micro-
probe are measured as countrates. These are proportional to 
the weight fraction, but must be converted to this before use 
can be made of the data. 
Measured countrates are a composite of the true countrate 
and background counts from other species present radiating on 
the same wavelength as the element being measured. A 
countrate balance can be written and solved for the wei^ t 
fraction. The measured countrate must be corrected for back­
ground, and the background corrected as a function of composi­
tion. 
A countrate balance for (n+1) elements can be written as 
follows : 
= q - s (1) 
X^  = weight fraction of component i 
Si = countrate on pure i 
= background countrate for i on i 
= background countrate for i due to the presence of j 
= measured countrate for component i 
One element may be calculated by difference, element i .  
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n 
xjg = 1 - 2 
i=l 
 ^= n + 1 
and Equation 1 becomes after substitution of Equation 2 
n 
Xi(Si-Bii-Bijj) = - 2 (Bij-Bîjg) (3) 
Equation 3 may be rearranged and written in matrix form as 
CX = R (4) 
where 
C = 
/ si - bii - bi^  bij - \ 
bji -
\ sn-bnn-bnj& / 
X = xr 
f  C i  '  B ^ j e  \  
R E 
\ / 
The weight fraction can be found by simply inverting C and 
multiplying 
X = C"^  R (5) 
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Equation 5 must be solved at each point that the microprobe 
samples the specimen. 
Concentration profiles for iron and chromium obtained 
from microprobe scans across the solid-liquid interface 
appeared to be the result of diffusion. Assuming constant 
diffusion coefficient, the unsteady state diffusion equation 
can be solved and fitted, using least squares, to the meas­
ured profiles. The resulting diffusion coefficient is the 
best value for the measured profile. The diffusion equation 
is 
X = weight fraction 
z = z-coordinate 
t = time 
D = diffusion coefficient 
with boundary conditions 
One problem encountered when using microprobe data with 
3t 9z2 
(6) 
t = 0, 2 > 0, X = 1 
t > 0, z=0, X = % 
and the solution is 
X = %[1 + erf  ^ ] (7) 
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Equation 7 is the location of the point z = o. The probe is 
started in one phase and samples the specimen in one-micron 
increments until it has crossed the interface and is well 
into the other phase; somewhere among the set of points is 
the point z = 0. By letting z in Equation 7 be replaced by 
(zH-h) this difficulty can be overcome. Equation 7 becomes 
X = %[1 + erf ] (8) 
2(Dt)^  
Using non-linear regression with two parameters, D and 
h. Equation 8 can be fitted to the experimentally determined 
concentration profile. The parameter h is adjusted until the 
quantity (z+h) = 0 at the point x = %. The coordinate z is 
just a number picked from the microprobe output corresponding 
to some measured concentration. 
Diffusion coefficients measured in this manner are not 
representative of a particular species, but rather a compos­
ite based on the iron or chromium concentration profiles. 
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appendix iii 
The following is a list of elements used in this study 
and their nominal purities. 
Bismuth 99.9999% 
Lead 99.9999% 
Iron 99.99+% 
Chromium 99.96% 
Titanium 99.97% 
Zirconium 99.99% 
Graphite Spectrographic grade, 
< 5 ppm ash 
Tantalum 99.98% 
